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Abstract 

Silicon carbide is used in armor applications for its ballistic performance and 
relative low cost. As such, many types of the material have been developed in an 
attempt to optimize its properties. The scope of this work encompasses a 
comparison of the static properties and microstructure of five different silicon 
carbide materials. Material elastic constants are determined through 
nondestructive test methods. Elemental composition, microstructure, and 
porosity effects of the materials are also examined. A model was employed to 
relate the porosity observed in the microstructure to the determined elastic 
constants. These results are also compared to a model based on the linear law of 
mixtures. 
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1. Introduction 

Considerable research effort has been expended to improve the ballistic 
properties of armor ceramics. One of the current materials of interest for armor 
applications is silicon carbide (SiC). As such, many varieties of the ceramic have 
been developed and tested. To further improve ceramic performance, the effects 
of microstructure on material properties must be considered. 

This work investigates the effects of material microstructure on the elastic 
constants of SiC ceramics. The elastic constants, elemental composition, and 
microstructure of five different SiC materials were examined in an effort to 
determine a relationship between the microstructure and elastic constants. These 
materials were developed by three separate manufacturers, using three different 
processing techniques. The reported densities of the materials ranged from 
3.137 Mg/m3 (97.7% dense) to just above that of the crystallographic density of 
3.22 Mg/m3 (Richerson 1992). 

2. Materials 

SiC materials were obtained from manufacturers in the United States and France. 
Two varieties were manufactured in the U.S. by CERCOM, Inc. as their SiC-B 
and SiC-N materials. The third domestically produced material was 
manufactured by Sohio Corporation. The remaining two materials were 
obtained from the Societe Ceramiques et Composites of France as part of 
U.S.-France Data Exchange Agreement, DEA-A-95-F-1396 (Riou 1996). 

The processing techniques used to manufacture the SiC materials are given in 
Table 1. Two of the five SiC materials, Sohio, and one of the French, were 
manufactured using a sintering technique alone. The two CERCOM materials 
were manufactured by hot pressing (Yamada and Mohri 1991). The other French 
material was manufactured by a two-step process which consisted of sintering 
followed by hot isostatic pressing (HIP). Nominal elemental mass compositions 
were also provided by the manufacturers for each material. 

All the materials were manufactured as tiles that ranged from 100 to 150 mm in 
lateral dimension by 5-25 mm in thickness. Smaller specimens were cut to shape 
from these tiles with a diamond saw, surface ground flat, and polished on a 
diamond lapping machine. Specimens were approximately 31.8-40.0 mm in 
diameter by 6-25 mm in thickness. These specimens were used to examine the 
material microstructure and measure the mass density and elastic wave speeds. 



Table 1. SiC processing techniques and elemental compositions. 

Element Sohioa French 
Sinteredb 

French 
Sintered and HIPb 

CERCOM 
SiC-Bc 

CERCOM 
SiC-N« 

Processing Technique 
Sintered Sintered Sintered & HIPed Hot Pressed Hot Pressed 

Si 68.51 68.40 68.40 69.50 69.25 
C 29.66 30.60 30.60 29.82 29.31 
Al 0.03 0.035 0.035 <0.01 1.00 
N 0.026 0.37 0.37 0.176 — 
Fe 0.02 0.03 0.03 0.30 0.10 
O 0.023 0.30 0.30 0.113 — 
S 0.024 0.026 0.026 0.027 — 
Ti 0.01 0.013 0.013 — 0.04 
Zr 0.02 — — <0.01 0.03 
V — — — 0.02 0.02 

Mg <0.01 0.015 0.015 0.02 — 
Ni — — — — 0.03 
Ca 0.02 — — — <0.01 
Co — — — 0.02 — 
Cr — 0.006 0.006 — 0.01 
Cu — 0.003 0.003 0.01 — 
Na 0.01 — — — — 
Hf — — — 0.01 — 
P — — — 0.01 — 
B — — — <0.01 — 
W — <0.01 <0.01 — 

a (Sohio Corporation 1998). 
" (Riou 1996). 
« (Chen 1998). 

3. Test Procedures/Techniques 

Three material properties were needed for the calculation of the SiC elastic 
constants: mass density, longitudinal wave velocity, and shear wave velocity. 
Samples were mounted, polished, etched, and examined using a scanning 
electron microscope (SEM) or metallograph (optical) to obtain photographs of the 
microstructure. 



3.1 Bulk Density 

Densities of the samples were determined by using Archimedes' Principle. Dry 
and wet mass measurements were taken using a Sartorius Micro Balance, which 
was then applied the buoyancy method for density determination. Specimens 
were weighed in air at room temperature. An immersion pan carrying the 
samples was then submerged into a beaker of room temperature deionized 
water. Using the weight of the specimens in air and in water, along with the 
temperature dependent density of the water, material densities were calculated 
by the balance using the relationship described in equation 1 (Sartorius 1995). 

(W.Xp,) 

where 

p = sample density, 

Wa = sample weight in air, 

Wi = sample weight in liquid, and 

pi = density of liquid. 

Typical sample masses ranged from 25 to 105 g, with the weighing accuracy of 
the balance rated at ±70 ug. To ensure accurate densities, the system was 
allowed to stabilize to the nearest ug before any weights were recorded. This 
system also corrects for buoyancy effects caused by the air. Additionally, several 
drops of a wetting agent were added to the water to minimize surface tension 
effects on the immersion pan and reduce the formation of air bubbles. 
Specimens were also tested for open cell porosity by measuring water 
absorption. Samples were massed before and after extended submersion (24 hr) 
in water. Submerged samples were removed from the water, wiped dry, and 
weighed again. Mass differences were negligible. 

For the sample weights used in this report, the systematic uncertainty of the 
density measurements is negligible. Uncertainties shown for the densities of the 
SiC materials in this report are due to random variations in the materials. 

3.2 Ultrasonic Wave Velocities 

Wave velocities were measured using Matec's DSP-8000 software on their 
MBS-8000 ultrasonic system. Measurements were performed using a pulse-echo 
(Blitz 1963) noverlay technique. This technique uses a single transducer to send 
an ultrasonic sound pulse into a sample. The pulse travels into the sample and 
then reverberates between the front and rear surfaces, creating echoes. These 
echoes are then captured by the same transducer. The time between echoes is 
then used in conjunction with the sample thickness to determine the ultrasonic 



wave velocity. Since each echo travels through the thickness of the sample twice 
(down and up) the wave velocity is calculated using the following equation: 

2 * L 
u—' <2> 

where 

U = wave velocity, 

L = sample thickness, and 

At = time between echoes. 

Sample surfaces were flat and mutually parallel within 15 urn. Transducers were 
held perpendicular to the sample by a fixture with a 1.5-kg anvil mounted on top 
of the transducer. Couplant was used between the transducer and sample to 
improve transmission. Transducer frequencies of 5 and 10 MHz were used for 
all measurements. Time intervals are accurate to ±0.005 us. 

The accuracy of the system was tested using Z-cut quartz specimens. The 
measured longitudinal wave velocity was within 0.25% of the known value. The 
shear wave velocity measurements were within 0.50% of the known value. Shear 
wave velocities are typically less accurate than longitudinal measurements due 
to a small phase shift introduced by the couplant. The procedures used for 
obtaining both longitudinal and shear wave velocities are given in the next 
section. 

3.2.1 Longitudinal Wave Velocity 

Longitudinal wave velocities were obtained using a water bath. In this 
configuration, the transducer is separated from the sample by a water gap which 
ranged from 4 to 10 mm. The water serves as the couplant. The size of the gap 
was selected so that the echoes from the sample were clearly separated in time 
from reverberations in the couplant. This eliminated the phase shift effects 
caused by thin layers of couplant. A diagram of this configuration is shown in 
Figure 1. 

Figure 2 shows a sample wave train captured from the water bath configuration. 
The plot shows the wave amplitude vs. time (microsecond). The numbers in 
Figures 1 and 2 indicate the arrival of the waves at the transducer. The left most 
pulse (1) is the "main bang,"which is the pulse emitted by the transducer. The 
next pulse (2) is a reflection from the specimen's top surface. The subsequent 
smaller amplitude waves (3-5) are reverberating echoes captured from within 
the specimen. As these echoes have traversed several interfaces of different 
mechanical impedances, they show a significant reduction in intensity. 
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Water 
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Figure 1. Ultrasonic velocity experimental configuration no. 1. 

Figure 2. Longitudinal ultrasonic waves as detected by transducer. 

3.2.2 Shear Wave Velocity 

Shear wave velocities were obtained by coupling the transducer directly to the 
sample. Although the water bath method used for longitudinal measurements is 
more accurate, it cannot be used for shear wave velocity measurements, as water 
will not support a shear wave. A thin layer of honey was used as the couplant. 
To minimize the phase shift error introduced by the couplant thickness, 
measurements were taken at least one half hour after the transducer was 
mounted in place. This allowed the weight of the anvil to squeeze out any excess 
couplant, thereby enhancing transmission of the waves while minimizing the 
phase shift error. An example of this configuration is shown in Figure 3. 

The wave train shown in Figure 4 was captured during the direct contact shear 
measurements. As in Figure 2, the first pulse (1) is the main bang. The pulses 
which follow are echoes (2, 3) from within the specimen.  These echoes have a 
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Figure 3. Ultrasonic velocity experimental configuration no. 2. 

170 254 3.39 4.24 5.09 594 6.78 

Figure 4. Shear ultrasonic waves as detected by transducer. 

much larger intensity than those in Figure 2. This is due to the fact that direct 
contact between the transducer and specimen increases transmittance due to a 
closer match of mechanical impedances. 

3.3 Microstructure 

Information on the microstructure was needed to determine if a relationship 
could be established between the measured elastic constants and the 
microstructure as a result of the processing technique. Micrographs were taken 
of each SiC material to determine grain and pore size. In order to obtain the 
micrographs, sample specimens were prepared in the following manner. 

First, each specimen was mounted in bakelite and placed in a diamond polisher. 
Specimens were polished to produce an optical finish. Next, the polished 
specimens were placed in a boiling solution of potassium hydroxide and 
potassium ferricyanide for 15-20 min.   This effectively etched the specimen's 



surface, increasing the visibility of the grain boundaries. Specimens were 
thoroughly cleaned in ethyl alcohol upon their removal from the etchant. 
Finally, the etched specimens were examined using an SEM or a metallograph 
(optical). Images of the grain structure were obtained at magnifications of lOOOx. 
Grain and pore sizes were taken as the average of the mean intercept lengths 
measured from the micrographs. 

4. Results and Analysis 

4.1 Bulk Density 

Densities of the samples were determined using the techniques described earlier 
in section 3.1, and are listed in Table 2. No mass changes of the samples were 
observed during extended submersion, indicating no open cell porosity. Bulk 
mass densities were between 97.7 and 100.2% of the crystallographic density 
oc-SiC(6H) (3.22 Mg/m3). Densities above this value were observed in all of the 
CERCOM SiC-N specimens. Individual densities of samples from each material 
varied by less than 0.13%. 

Table 2. Bulk density and elastic wave velocities. 

Property Sohio 
French 

Sintered 
French 

Sintered & HIP 
CERCOM 

SiC-B 
CERCOM 

SiC-N 
No. of Samples 4 5 5 8 6 
Bulk Density 3.164 3.137 3.184 3.215 3.227 

(Mg/m3) ±0.004 ±0.002 ±0.004 ±0.000 ±0.001 
Ui (km/s) 12.044 12.055 12.186 12.198 12.262 

— ±0.037 ±0.031 ±0.031 ±0.059 ±0.031 
Us (km/s) 7.664 7.670 7.730 7.747 7.774 

— ±0.042 ±0.039 ±0.041 ±0.054 ±0.039 

4.2 Elastic Wave Velocities 

The results of the ultrasonic measurements are given in Table 2. Wave velocities 
generally varied proportionately to the density for all the materials. This 
behavior is evident from the graph in Figure 5, which shows the wave velocities, 
Ui (longitudinal) and Us (shear) vs. density for all five materials, along with the 
linear least squares fit line for each wave velocity. 
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Figure 5. Elastic wave velocities vs. bulk density. 

4.3 Elastic Constants 

The density and elastic wave velocity measurements were used to determine the 
elastic constants. All five materials were assumed to be isotropic. Calculations 
were performed using equations 3-8 (Schreiber et al. 1973), and the results of 
these equations are shown in Table 3. As expected, the elastic constants varied in 
a manner similar to the behavior of the wave velocities with respect to density. 
The elastic constants increased with increases in density and wave speed. 

L = p*U!2, 

G = p*Us
2, 

K = p* 
(        f 

v 
±*us

2 

3      s 

(3) 

(4) 

(5) 



Table 3. Elastic constants. 

Property Sohio French- 
Sintered 

French 
Sintered and HIP 

CERCOM 
SiC-B 

CERCOM 
SiC-N 

L 459 456 473 478 485 
(GPa) ±3 ±3 ±3 ±5 ±3 

G 186 185 190 193 195 
(GPa) ±2 ±2 ±2 ±3 ±2 

K 211 210 219 221 225 
(GPa) ±6 ±5 ±5 ±8 ±5 

E 431 428 443 448 454 
(GPa) ±35 ±31 ±33 ±49 ±32 

X 87 87 92 93 95 
(GPa) ±7 ±6 ±7 ±10 ±6 

V 0.160 0.160 0.163 0.162 0.164 
(-) ±0.015 ±0.014 ±0.014 ±0.022 ±0.013 

5fc(3*U1
2*Us

2)-(4*Us
4) 

(u,2-us
2) 

^ = p*(u,2-2*Us
2)/and 

u = U!2-2US
2 

2*(U,2-US
2)' 

where 

p = material density, 

K - bulk modulus, 

Ui = ultrasonic longitudinal wave velocity, 

E = Young's modulus, 

Us = ultrasonic shear wave velocity, 

X = Lame Constant, 

L = Longitudinal Modulus, 

o = Poisson's Ratio, and 

G = shear modulus. 

(6) 

(7) 

(8) 



4.4 Microstructure 

The microstructure of each material was investigated by having samples of each 
material polished and then chemically etched to show grain boundaries. 
Micrographs were taken at xlOOO. Grain and pore size measurements were taken 
directly from the micrographs and are listed in Table 4. 

Table 4. Material grain sizes. 

Material Grain Size 
(urn) 

Range 
(urn) 

Pore Size 
(Hm) 

Sohio 5.4 2-15 3.1 
French Sintered 4.1 1-10 3.0 
French Sintered and HIP 4.6 1.5-11 3.2 
CERCOM SiC-B 5.0 2-10 2.3 
CERCOMSiC-N 3.8 1-8 1.9 

All the materials exhibited similar microstructural characteristics. Predominant 
grain sizes were generally around 4-5 urn. This agreed closely with previous 
studies performed by Riou (1996), which indicated a predominant grain size of 
5-6 urn (range of 1-8 urn) for the sintered French material, and Shih et al. (1997) 
which list an average grain size of 4.1 urn for SiC-B and SiC-N. The Sohio and 
HIP French materials both have elongated grain structure. In these two 
materials, the average grain width was 4-5 urn, while grain lengths of 10 urn 
were common. Pore sizes were generally between 2 and 3 urn in diameter. Pores 
were smallest, on average, in the two hot pressed materials. Micrographs of each 
material are shown in Figures 6-10. 

4.5 Porosity Effects 

All of the materials studied here were between 98 and 99% SiC. However, the 
bulk densities varied by 3%. This suggested that varying levels of porosity were 
present in the different materials. Since the sound speeds varied linearly with 
density, porosity was suspected as being the primary cause for the differences in 
the elastic constants. 

A model was developed by Boccaccini and Fan (1997) to determine the Young's 
modulus of porous ceramics. This model treats porosity as a zero density second 
phase. It also assumes that both the material particles and pores are of equiaxed 
shape and random distribution. 

Several parameters were needed to utilize this model. First, the SiC and porosity 
volume fractions had to be determined from the density measurements using 

10 
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Figure 6. Sohio SiC micrograph (xlOOO). 

■"*    i      \      *.*»-■( v» 

-4* 

■'•'ZJ 

s*i &> 

J£*=^ft; >HWS^ 

Figure 7. French sintered SiC micrograph (xlOOO). 
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Figure 8. French sintered and HIP SiC micrograph (xlOOO). 

Figure 9. CERCOM SiC-B micrograph (xlOOO). 
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Figure 10. CERCOM SiC-N micrograph (xlOOO). 

equations 9 and 10. Then, the particulate size ratio was calculated using the 
information obtained from the micrographs (equation 11). Once these values 
were determined, the continuous volume fraction of the SiC was calculated using 
equation 12. The effective Young's modulus was then found using equation 13. 

If the topological parameters (grain and pore sizes) are unavailable, the power 
law listed in equation 14 can be used to approximate the continuous volume 
fraction. The value of the exponent n would be determined through a 
comparison of the curves generated by this equation to the calculated values of 
Young's modulus. 

Fp=1_PacL/ (9) 

Pthe 

Fm=l-Fp=-^L, (10) 
Pthe 

R=^, (11) 

13 



■p2p 
Fc =      m       , (12) 

Fp+FmR V   ' 

Eeff=EmFc,and (13) 

F.=I£, (14) 

where 

Pact = measured density, 

Pthe = theoretical maximum density, 

Fp = porosity volume fraction 

Fm = material volume fraction 

Dp = pore diameter 

Dm = material grain diameter 

R = particulate size ratio 

Fc = continuous mat. volume fraction 

Em = Material Young's modulus 

Eeff = Effective Young's modulus 

The density of the SiC-N exceeded that of the crystallographic density of SiC by 
0.2%. Since variations in the composition of all five materials were slight, with 
the average Si and C composition at 99%, we assumed all of the materials to be 
pure SiC. As such, the density and Young's modulus of the SiC-N were used as 
baseline values for a fully dense SiC material. To simplify the model, we treated 
all five materials as single phase SiC. As such, the density of the SiC-N was 
assumed to be the theoretical maximum density. 

The results of these calculations are shown in Figure 11 and Table 5. It is evident 
that the results of the two phase porosity model compare very favorably to the 
values calculated from the density and elastic wave velocity measurements. 
Differences between these results are less than 1%. A series of curves were also 
generated using the power law. An exponent of n = 2.4 adequately models the 
trend in the modulus of the materials. For comparison, the linear rule of 
mixtures was also used to predict the Young's modulus behavior. As Figure 11 
shows, the linear rule of mixtures failed to accurately predict the moduli of the 
materials. 

Since the results of the porosity model match the values calculated for the 
Young's modulus from the density and elastic wave velocity measurements, we 
can conclude that porosity is the primary contributing factor for variations in the 
elastic constants. A difference of 3% in the densities produced a difference of 6% 
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Figure 11. Young's modulus results. 

Table 5. Young's modulus results. 

Young's Modulus Sohio 
French 

Sintered 
French 

Sintered and HIP 
CERCOM 

SiC-B 
CERCOM 

SiC-N 
Calculated (GPa) 431 428 443 448 454 
Porosity Model (GPa) 430 425 439 449 454 
Power Law (GPa) 433 424 440 450 454 
Linear Law of Mixtures (GPa) 445 441 448 452 454 

in the Young's moduli. The remaining elastic moduli can also be predicted using 
this model, and are listed in Table 6. Poisson's ratio cannot be calculated directly 
using this model, as it is not density dependent, but can be calculated through 
elastic constant relations. 
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Table 6. Modeled elastic moduli. 

Sohio French 
Sintered 

French 
Sintered and HIP 

CERCOM 
SiC-B 

CERCOM 
SiC-N 

L (GPa) 460 454 469 479 485 
G (GPa) 185 182 189 193 195 
K (GPa) 213 210 218 222 225 
X (GPa) 90 89 92 94 95 

5. Conclusions 

Measurement of precise density and wave velocity values demonstrated that all 
the materials behaved similarly. Wave velocities varied proportionately with 
density. As density increased, wave velocities and elastic constants followed 
suit. 

Further analysis of the materials through elemental composition and 
microstructure helped to explain these differences. The five materials were at 
least 98% SiC, but varied in density from each other by 3%. This suggested that 
varying levels of porosity were present in these materials. 

A model was implemented to determine if porosity was responsible for the 
differences in the elastic constants of the materials. This model treated porosity 
as a zero density, second phase material. Using the grain and pore sizes taken 
from the micrographs, an effective Young's modulus was calculated for each 
material. The results of this model agree well with the values calculated from the 
bulk density and sound speed measurements. As such, porosity effects are 
considered to be the primary cause of the variations in the elastic constants. 

In conclusion, the elastic behaviors of all of the materials were very similar. The 
differences seen between these relatively pure materials can be attributed to 
porosity effects created by the processing techniques. The two hot pressed 
materials had the highest densities, smallest pore sizes, and therefore the highest 
values for the elastic moduli. 
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